Environmental enrichment (EE) introduced during abstinence from cocaine self-administration is protective in reducing cue-elicited incentive motivation for cocaine in rats. This study examined neural activation associated with this protective effect of EE using Fos protein expression as a marker. Rats were trained to press a lever reinforced by cocaine (0.75 mg/kg/0.1 ml infusion) and light and tone cues across 15 consecutive days during which they were all housed in isolated conditions (IC). Rats were then assigned to either remain in IC, or to live in pair-housed conditions (PC) or EE for 30 days of forced abstinence from cocaine. Subsequently, cocaineseeking behavior (lever presses without cocaine reinforcement) elicited by response-contingent cue presentations was assessed for 90 min, after which the rats' brains were immediately harvested for Fos protein immunohistochemistry. EE attenuated, whereas IC enhanced, cue-elicited cocaineseeking behavior relative to PC. Also, within the prelimbic and orbitofrontal cortices and basolateral amygdala, IC enhanced, whereas EE reduced, Fos expression relative to PC. Furthermore, EE attenuated Fos expression in the infralimbic and anterior cingulate cortices, the nucleus accumbens (core and shell), bed nucleus of the stria terminalis, and ventral tegmental area, evident as a reduction relative to both PC and IC. In contrast, IC enhanced Fos expression in the dorsal caudate putamen, substantia nigra, and central amygdala, evident as an increase relative to both PC and EE. These results suggest that EE blunts neural activation throughout the mesocorticolimbic circuitry involved in cue-elicited incentive motivation for cocaine, whereas IC enhances activation primarily within the nigrostriatal dopamine pathway. These findings have important implications for understanding and treating drug-conditioned craving in humans.
Introduction
A number of successful treatment regimens have been prescribed for alcohol, opioid, and tobacco dependence, yet little progress has been made in developing FDA approved medications for cocaine dependence (de Lima et al., 2002; Sofuoglu and Kosten, 2004; O'Brien, 2005) . A particularly difficult aspect of cocaine addiction is the high rate of relapse that occurs even following prolonged periods of abstinence (Dackis and O'Brien, 2001) . Craving often contributes to relapse and can be triggered by exposure to cues previously associated with cocaine use (Gawin and Kleber, 1986; McLellan et al., 2000) . This can be modeled in animals by examining cocaine-seeking behavior, which is operationally defined as operant responses previously reinforced by cocaine that are performed in the absence of cocaine reinforcement (de Wit and Stewart, 1981) . Cocaine-seeking behavior measured in the environment where cocaine had been self-administered along with presentation of discrete cues that had been paired previously with cocaine infusions is thought to reflect, in part, the incentive motivational effects of the contextual and discrete drug-paired cues (Markou et al., 1993) .
A potential behavioral intervention for reducing drug craving, and presumably incentive motivation, is the use of environmental enrichment (EE). Until recently, the majority of preclinical drug abuse studies have examined EE and other housing/exercise-induced manipulations with a focus on protective effects against susceptibility to drug reward and reinforcement when introduced during rearing or immediately prior to drug exposure (Howes et al., 2000; Bardo et al., 2001; Green et al., 2002; Stairs et al., 2006; Smith et al., 2008; Solinas et al., 2009 ). However, Solinas et al. (2008) demonstrated that EE introduced only after a cocaine-conditioned place preference (CPP) acquisition phase, during which mice were housed under standard living conditions, attenuates subsequent expression and cocaine-primed reinstatement of cocaine-CPP. In parallel, Grimm et al. (2008) reported that the use of this EE intervention-like strategy attenuates sucrose-seeking behavior. Finally, work from our laboratory, and that of Solinas and colleagues, has demonstrated that EE introduced during forced abstinence from cocaine self-administration attenuates subsequent contextual and cue-induced cocaine-seeking behavior (Chauvet et al., 2009; Thiel et al., 2009; Thiel et al., in press) . Taken together, the findings suggest that EE may be an effective intervention treatment strategy. Importantly, components of EE, such as exercise, access to multiple non-drug reinforcers, and social reinforcement, have been shown to yield some success as treatment approaches aimed at drug addiction in humans, and in parallel reduce drug-seeking behavior in animals, thus lending support for the validity of the animal model (Kearns and Weiss, 2007; Smith et al., 2008; Carroll et al., 2009; Zlebnik et al., 2010) .
The robust effects of EE on cue-elicited cocaine-seeking behavior begs the question of which neural mechanisms are involved, and a good starting point for addressing this question is to examine Fos protein expression. This measure has been used extensively as a marker of functional activation of a neuron in response to external stimuli (Herrera and Robertson, 1996; Harlan and Garcia, 1998) . Given that Fos is a transcription factor, it stands to reason that its activation may mediate some of the enduring neuronal changes that underlie the incentive motivational effects of cocaine-paired stimuli. Indeed, Fos protein expression is elicited by exposure to a cocaine-associated context (Brown et al., 1992; Crawford et al., 1995; Hotsenpiller et al., 2002; Hamlin et al., 2008) , cocaine-associated discrete cues (Neisewander et al., 2000; Zavala et al., 2007; Zavala et al., 2008; Kufahl et al., 2009) , as well as discriminative stimulus cues that signal the availability of cocaine (Ciccocioppo et al., 2001) .
In the present study, we used Fos protein expression to examine the neural circuitry involved in the protective effects of EE against cue-elicited cocaine-seeking behavior. Rats previously trained to self-administer cocaine while living under isolated conditions (IC) were subsequently assigned to live in either IC, pair-housed conditions (PC), or EE during a period of forced abstinence and were then tested for reinstatement of cocaine-seeking behavior by response-contingent cue presentations. We hypothesized that an EE-induced reduction of cue-elicited cocaine-seeking behavior relative to IC and PC controls would be accompanied by attenuation of functional activation within cortical, striatal, and limbic circuitry components that have been implicated in the incentive motivation for cocaine elicited by drug-associated cues.
Method

Animals and surgery
Adult male Sprague-Dawley rats weighing 225-250 g upon arrival were housed under IC (i.e., 1 rat/cage, 21.6 × 45.7 × 17.8 cm) with food and water available ad libitum in a temperature-controlled colony with a 12-h reverse light:dark cycle (lights off at 7:00 a.m.). Care and housing were in adherence to the Guide for the Care and Use of Laboratory Animals (1996) . Rats were acclimated to handling for 5 days prior to surgically implanting intravenous (i.v.) catheters under 2-3% isoflurane anesthesia using procedures described previously (Zavala et al., 2007) . Following surgery, animals were returned to their home cage for at least 5 days recovery prior to the start of self-administration training. In order to prevent infection and maintain patency, catheters were flushed daily with 0.1 ml bacteriostatic saline containing heparin sodium (70 U/ml; APP Pharmaceuticals, Schaumburg, IL), Abbokinase (20 mg/ml; ImaRx Therapeutics, Tucson, AZ), and Timentin (66.7 mg/ml; GlaxoSmithKlinr, Research Triangle Park, NC). Proper catheter function was tested periodically by administering 0.05 ml methohexital sodium (16.7 mg/ml; JHP Pharmaceuticals, Rochester, MI), a dose that produces brief anesthetic effects only when administered i.v.
Cocaine self-administration
Rats underwent 15 days of cocaine self-administration training for 3 h/day during their dark cycle while housed in IC. Initially, sessions began under an fixed ratio 1 (FR1) schedule of reinforcement and progressed to a variable ratio 5 (VR5) schedule based on individual performance, with the latter in effect exclusively during at least the last 5 sessions. Schedule completions on a designated lever (i.e., active lever) located on the left side of the chamber resulted in simultaneous presentation of a tone (500 Hz, 10 db above background), cue light above the lever, and house light, and were followed 1 s later by a cocaine infusion (0.75 mg/ kg/0.1 ml, IV). Upon completion of the 6-s infusion, the cue light and tone ceased, but the house light remained on for an additional 20-s timeout. Responses on another lever (i.e., inactive lever, located on the right side of the chamber) produced no consequences. Rats were restricted to 16 g of food/day beginning 2 days before training to facilitate exploration. A rat remained food-restricted until a criterion of ≥21 infusions/3 h was achieved on 2 consecutive days, after which food was available ad libitum in the home cage throughout the remainder of the experiment. All rats had reached this criterion by the 10 th session. Two rats were omitted from data analysis within the study due to catheter failure during selfadministration; however, they were used to even out the living conditions described below.
Forced abstinence
The day after completing self-administration, rats were assigned to one of three housing conditions during abstinence, counterbalanced for previous cocaine intake: Isolated Conditions (IC; n=9), Pair-housed Conditions (PC; n=9), or an Enriched Environment (EE; n=9). The PC was identical to the IC except that there were 2 rats/cage. The EE group lived in large plastic tubs (74 × 91 × 36 cm) that housed 5 rats and contained bedding, nesting material, 3 PVC pipes, 2 running wheels, 2 water bottles, 2 food dishes, and 2 small plastic toys. Toys were continually changed 3 times/week to maintain novelty. Two rats were omitted from the analyses due to catheter failure but were used for the living conditions during abstinence.
Cue test
On day 21 of abstinence, rats were tested for cocaine-seeking behavior following a cocaine (10 mg/kg, i.p.) priming injection within the self-administration chamber and the results from this test have been reported previously . Following this test, all rats were placed back into their assigned living conditions for an additional 9 days of abstinence. Subsequently (i.e., on Day 30 of abstinence), the rats were placed back into the selfadministration chambers and were tested for cocaine-seeking behavior (i.e., active lever presses without cocaine reinforcement) for 90 min with response-contingent cue presentations available (i.e., the stimulus complex previously paired with cocaine infusions). To begin the test session, a non-contingent programmed cue presentation occurred shortly after the animals were placed into the chambers, which was the first time since the selfadministration phase that rats were exposed to these cues. Thereafter, the cues were presented on an FR1 schedule of reinforcement as this schedule has previously been demonstrated to yield high response rates from which to detect group differences during testing for cocaine-seeking behavior (Acosta et al., 2008) .
Tissue preparation
Immediately after testing, rats were deeply anesthetized with sodium pentobarbital (65 mg/ kg, i.p.) and perfused transcardially with 300 ml of ice-cold 0.1 M PBS, pH 7.4, followed by 300 ml of ice-cold 4% paraformaldehyde in 0.1 M PBS, pH 7.4. The brains were removed, postfixed overnight at 4°C in 4% paraformaldehyde, and then transferred to 15% sucrose for 24 h and then 30% sucrose for an additional 24 h while continuously being stored at 4°C. Coronal sections (40 μm) were collected using a freezing microtome at levels corresponding to +3.2, +1.6, +0.0, -2.56, -5.6 mm relative to bregma (Paxinos and Watson, 1998) . The tissue sections were then frozen and stored at 4°C in a cryoprotectant solution comprised of 0.02 M PBS (pH = 7.2), 30% sucrose, 10% polyvinyl pyrrolidone, and 30% ethylene glycol.
Fos protein immunohistochemistry
Tissue sections were first washed in 0.1 M PBS (6 × 10 min) to remove the cryoprotectant. Sections were then incubated in 0.3% H 2 O 2 for 30 min and rinsed with 0.1 M PBS (3 × 10 min), followed by incubation in 0.1 M PBS containing 5% normal goat serum (NGS) (Vector Laboratories) and 0.2% Triton X-100 (Sigma) for 1 h. Sections were then incubated for 48 h at 4°C in 0.1 M PBS containing anti-Fos rabbit polyclonal antibody (SC-52; 1:2,000; Santa Cruz Biotechnology), 0.1% Triton X-100 and 1% NGS, and then rinsed in 0.1 M PBS (3 × 10 min). Sections were then incubated in 0.1 M PBS containing biotinylated goat anti-rabbit IgG (1:500; Vector Laboratories) and 1% NGS for 1 h, and then rinsed in 0.1 M PBS (3 × 10 min). Subsequently, horseradish peroxidase activity was visualized with nickel diaminobenzidine and glucose oxidase reaction as described in Dielenberg et al. (2001) . This reaction was terminated after 10 min by rinsing the tissue in 0.1 M PBS (3 × 10 min). Sections were then mounted onto gelatin-coated slides, dried, and dehydrated before cover slipping. Figure 1 illustrates the specific subregions analyzed. Sections taken at +3.2 mm contained the prelimbic (PrL), infralimbic (IL), and orbitofrontal (OFC) cortices; sections taken at +1.6 mm contained the Cg2 region of the anterior cingulated cortex, nucleus accumbens (NAc) core (NAcC) and shell (NAcS), and the dorsal caudate putamen (dCPu); sections taken at +0.0 mm contained the bed nucleus of the stria terminalis (BNST); sections taken at -2.56 mm contained the basolateral amygdala (BlA), central amygdala (CeA), and somatosensory cortex (SS); sections taken at -5.6 mm contained the VTA, substantia nigra pars compacta (SNc) and pars reticulata (SNr), ventral subiculum (vSub) and the dorsal CA1, CA3, and dentate gyrus (DG) subregions of the hippocampus. Quantification of Fos immunoreactivity was examined using a Nikon Eclipse E600 (Nikon Instruments, Melville, NY, USA) microscope set at 20× magnification and counted by an observer blind to treatment conditions using the Image Tool software package (Version 3.0, University of Texas Health Sciences Center, San Antonio, TX). For all regions, the sample area counted was 0.26 mm 2 and there were a total of 6 sample areas counted for each subject (i.e., 1 sample area/2 hemispheres/3 sections). The sections mounted onto each slide for each rat were 160 μm apart along the rostral-caudal extent of each region analyzed in order to avoid double counting of Fos-labeled cells. Care was taken to ensure that the sections for each subject that were labeled came from the same anatomical level within each plane. Fos immunoreactivity was identified as a blue-black oval-shaped nucleus distinguishable from background (see Figure 2 ). The counts from all 6 sample areas from a particular region were averaged to provide a mean number of immunoreactivity cells per sample area.
Fos immunoreactivity analysis
Data analysis
Separate one-way ANOVAs with Living Condition as a between subjects factor were used to analyze active and inactive lever presses on test day, as well as to analyze Fos protein expression within each region of interest. Post hoc Tukey HSD tests (p< 0.05) were used for subsequent pair-wise comparisons. Additionally, the correlation between cocaine-seeking behavior and Fos expression within each region of interest was calculated using Pearson's product-moment correlation. In general, patterns of Fos expression within each region corresponded with the living condition-induced differences in cocaine-seeking behavior, thus resulting in strong positive correlations. Therefore, to further gauge the extent to which the act of lever pressing correlated with Fos expression, correlations between cocaineseeking behavior and Fos expression within each region of interest were also conducted separately for the IC, PC, and EE groups.
Results
Cocaine intake
Group assignment was counterbalanced such that cocaine intake, as well as total active lever presses, was equated across the IC, PC, and EE groups. These data have been published previously (Experiment 2 in Thiel et al., 2009 ).
Cue-induced cocaine-seeking behavior
Total cocaine-seeking behavior, as well as inactive lever pressing, during the 90-min cue test phase is illustrated in Figure 3 . There was a significant effect of Living Condition (F(2,24) = 26.83, p< 0.001) for active lever presses during this phase. IC exhibited more cocaineseeking behavior than both PC and EE (p<.05, Tukey's HSD; Fig. 3 ). PC also exhibited more cocaine-seeking behavior than EE (p<.05, Tukey's HSD; Fig. 3 ). There were no group differences in inactive lever pressing.
Fos protein immunoreactivity
Analysis of Fos protein revealed 3 general patterns of expression. In the first pattern, significant Living Condition effects were observed in the PrL (F(2,24) = 74.45, p< 0.001), OFC (F(2,24) = 30.44, p< 0.001), and BlA (F(2,24) = 56.89, p< 0.001); subsequent post-hoc tests indicated that IC resulted in enhanced, whereas EE resulted in decreased, Fos expression relative to PC (p<.05, Tukey's HSD; Figure 4 ). This pattern suggests that IC and EE produced oppositional influences on functional activation by cocaine cues in these regions. In the second pattern, significant Living Condition effects were observed in the IL (F(2,24) = 23.27, p< 0.001), Cg2 (F(2,24) = 14.38, p< 0.001), NAcC (F(2,24) = 27.15, p< 0.001), NAcS (F(2,24) = 17.68, p< 0.001), BNST (F(2,24) = 7.53, p< 0.01), CA1 (F(2,24) = 7.53, p< 0.01), and VTA (F(2,24) = 9.84, p< 0.001); subsequent post-hoc tests indicated that EE resulted in decreased Fos expression relative to both IC and PC (p<.05, Tukey's HSD; Figure 5 ). This pattern suggests that EE blunted functional activation by cocaine cues in these regions. In the third pattern, significant Living Condition effects were observed in the dCPu (F(2,24) = 26.88, p< 0.001), SNc (F(2,24) = 5.85, p< 0.01), SNr (F(2,24) = 6.75, p< 0.01), and CeA (F(2,24) = 6.59, p< 0.01); subsequent post-hoc tests indicated that IC resulted in enhanced Fos expression relative to both EE and PC (p<.05, Tukey's HSD; Figure 6 ). This pattern suggests that IC enhanced functional activation by cocaine cues in these regions. No group differences in Fos expression were observed in the vSub, DG, CA3, or SS (Figure 7) .
In general, for all brain regions in which there were group differences in Fos expression, the degree of Fos expression strongly correlated with overall cocaine-seeking behavior (r 2 ranging from +0.44 -+0.88, p<.05). However, when IC, PC, and EE were examined separately, there were no significant correlations between cocaine-seeking behavior and Fos expression within any brain region for any of these individual groups, suggesting increased Fos was not simply the result of increased lever responding as reported previously (Neisewander et al., 2000) .
Discussion
Cocaine-seeking behavior was most robust in rats under IC and was attenuated in rats under EE, which is consistent with previous findings (Chauvet et al., 2009; Thiel et al., 2009 ). The reduced cocaine-seeking behavior observed with PC relative to IC may reflect attenuation of stress-induced enhancement of cocaine-seeking behavior due to chronic isolation. Indeed, isolation is a stressor in adult rats (Hall, 1998) , and stressors such as footshock have been shown to enhance cue reinstatement (Buffalari and See, 2009 ). However, it is important to note that all rats were housed in IC upon arrival and throughout self-administration training; therefore, while isolation stress may have contributed to cocaine-seeking behavior in IC abstinent rats, isolation itself was not introduced as an acute stressor. Given that social housing is only one aspect of EE, and that the EE group exhibited even less cocaine-seeking behavior than the PC group, the findings suggest that individual components of enrichment likely provide additive protective effects, as suggested previously (van Praag et al., 2000) .
The focal novel finding in the present study is that EE attenuated cue-elicited Fos protein expression across a number of cortical, striatal, and limbic structures that have been implicated in cocaine-seeking behavior (Koob and Le Moal, 2001; Shalev et al., 2002; Vanderschuren et al., 2005; Feltenstein and See, 2008; Kalivas, 2008) . Our laboratory has previously demonstrated robust cue-elicited Fos expression throughout the majority of these structures with a notable exception being the BNST, which we had not examined previously (Zavala et al., 2007; Zavala et al., 2008; Kufahl et al., 2009) . Importantly, the cue-elicited Fos expression is not likely due to the act of lever pressing per se as we have previously demonstrated similar effects even without levers available (Neisewander et al., 2000) . Furthermore, non-conditioned saline-yoked controls in our previous studies failed to exhibit an increase in Fos upon exposure to the cues, and no group differences were observed in the SS in the present study, suggesting that sensory processing did not likely alter Fos expression. Differences in Fos expression due to living conditions per se (i.e., regardless of a cue test) are also unlikely given a recent study by Solinas and colleagues which demonstrated no differences in saline-primed Fos protein expression throughout the PFC, accumbens, amygdala, and VTA between saline-conditioned mice that lived in either standard housing or EE for 10 days (Solinas et al., 2008) . We suggest that the EE attenuation of Fos expression in the present study was likely related to processes involved in cue-evoked incentive motivation for cocaine.
Overall, examination of living condition effects on cue-elicited Fos expression revealed three interesting patterns of change across groups. In the first pattern, IC during forced abstinence resulted in enhanced, whereas EE resulted in decreased, Fos expression in the PrL, OFC, and BlA (Figure 4) . Notably, this pattern of Fos expression corresponds with the pattern of cocaine-seeking behavior across the groups (Figure 3 ), suggesting that these regions may play a particularly important role in the behavior. The OFC contains extensive reciprocal connections with the medial PFC and the BlA (Cavada et al., 2000; Krawczyk, 2002) , with connections to the latter playing an integral role in regulating goal-directed behavior and modifying the incentive value of conditioned reinforcers (Schoenbaum et al., 2003; Schoenbaum and Setlow, 2005; Stalnaker et al., 2007) . Furthermore, functional connectivity between the BlA and the PrL is responsible for integrating and processing emotionally relevant stimuli (Laviolette et al., 2005) . A history of cocaine exposure may alter signaling within this BlA-PFC pathway that eventually manifests as maladaptive emotional responding and impulsive drug-seeking behavior in response to drug-associated stimuli (Winstanley, 2007) . Indeed, cocaine abusers exhibit blunted OFC activity under baseline resting conditions and exaggerated OFC activity in response to cocaine-paired cues in a manner that correlates with self-report of craving (Volkow and Fowler, 2000) . EE, and to a lesser extent PC, may restore plasticity and functioning within the OFC, PrL, and BlA in such a way that exposure to drug-related cues no longer elicits robust cocaine-seeking behavior. The decreased Fos expression observed in these regions under PC relative to IC may specifically highlight socially-mediated blunting of cue-induced neural processing in corticolimbic circuitry. In contrast, IC during withdrawal may exacerbate neuroadaptations within these regions that lead to both impulsive and compulsive drug-seeking in the presence of drug-related stimuli, whereas PC may reduce and EE may even reverse these changes, resulting in progressively less cue-elicited Fos expression.
The second pattern of Fos expression observed was that EE uniquely attenuated Fos expression throughout the IL, Cg2, NAc, BNST, CA1 and VTA relative to both IC and PC ( Figure 5 ). Although this pattern does not correspond precisely with the behavior (i.e., no differences in Fos between IC and PC groups), it highlights additional regions in which EE blunts cue-elicited activation. The NAc receives glutamatergic projections from the PFC which are thought to mediate drug-seeking behavior (Kalivas and Volkow, 2005) . The IL and anterior cingulate are also thought to process the incentive motivational effects of cocaine-associated stimuli (Neisewander et al., 2000; Ciccocioppo et al., 2001; Kufahl et al., 2009) , as well as optimal reinforcement-guided choices based on reward value expectations (Rushworth et al., 2004; Kennerley et al., 2006) , with the NAc additionally functioning as an integration center where limbic and cortical processing is transferred into goal-directed actions (Sesack and Grace, 2010) . BNST activation stimulates dopaminergic cells within the VTA Aston-Jones, 2001,2002) , which in turn has been implicated in mediating responses to drug-paired stimuli (Wise, 2009 ). All of these regions are part of the mesocorticolimbic dopamine system, which undergoes an array of cocaine-induced neuroplastic changes during abstinence that contribute to an enduring vulnerability to relapse (Thomas et al., 2008) . For example, electrophysiology studies have demonstrated increased neuronal activity within the NAc throughout abstinence (Ghitza et al., 2003; Hollander and Carelli, 2007) , and alterations in brain-derived neurotrophic factor have been observed within the PFC, NAc, and VTA (Lu et al., 2004; McGinty et al., 2010) . Thus, attenuated cue-elicited Fos expression throughout this system may reflect a reversal or normalization of some of these neuroadaptations, which in turn may reduce motivation elicited by the cocaine-paired cues.
Interestingly, Green et al. (2010) recently demonstrated that enrichment decreases phosphorylated cAMP response element binding protein (pCREB) within the NAc, and that this correlates with an antidepressant behavioral phenotype. Given that Fos expression is regulated upstream by CREB phosphorylation, the attenuated Fos expression within the NAc of EE rats in the present study may also be indicative of an antidepressant effect, which in turn may be a possible mechanism by which EE attenuates cocaine-seeking behavior, as has been suggested by others (Chauvet et al., 2009) .
The third pattern of Fos expression was that IC uniquely resulted in enhanced Fos within the dCPu, SNc, SNr, and CeA relative to both PC and EE ( Figure 6 ). We suggest that this pattern reflects a reduction of nigrostriatal neuronal activation (i.e., the dopaminergic pathway projecting from the SNc to the CPu) associated with the potential isolation stress of IC. Stress cross-sensitizes with psychomotor stimulants, and relief from isolation stress may reduce sensitized responses of the nigrostriatal pathway. The CeA projects extensively to the SNc (Zahm, 2006) and has been heavily implicated in anxiety-related neuroadaptations during cocaine withdrawal (Koob, 2009; Erb, 2010) and stress-elicited cocaine-seeking behavior (Shaham et al., 2000; McFarland et al., 2004) . Furthermore, the dorsal striatum (i.e., dCPu) plays a particularly important role in controlling cocaine-seeking behavior following periods of abstinence (Fuchs et al., 2006; See et al., 2007) , and mediates the habitual nature of drug seeking/taking that largely characterizes addiction (Jog et al., 1999; Canales, 2005; Everitt and Robbins, 2005) . It has been suggested that chronic cocaine use shifts neural activity from the ventral striatum to the dorsal striatum resulting in vulnerability to relapse (Everitt and Robbins, 2005; See et al., 2007) . Based on the present pattern of activation, it is possible that social and environmental stimulation during abstinence may prevent this shift. This may partially explain the reduced cocaine-seeking behavior observed in PC and EE rats compared to IC rats. EE's additional reduction in cocaine-seeking behavior relative to PC may therefore be the result of reduced activation of cortical and ventral striatal structures (e.g., NAc) noted above.
In conclusion, EE strongly attenuated cue-elicited cocaine-seeking behavior following a month of forced abstinence from cocaine self-administration, whereas IC enhanced this behavior relative to PC. EE also reduced Fos expression relative to both IC and PC throughout mesocorticolimbic circuitry that is thought to be involved in processing the motivational value of drug-paired cues and making decisions to engage in cocaine-seeking behavior (Kalivas and Volkow, 2005) . In addition, IC enhanced Fos expression relative to PC and EE within nigrostriatal dopamine circuitry that is thought to underlie the habitual nature of drug seeking (Volkow et al., 2006; Everitt et al., 2008) , suggesting that IC increases subconscious, automatic control of drug seeking that is thought to contribute to relapse vulnerability (Tiffany and Carter, 1998) . Taken together, it appears that both the mesocorticolimbic and nigrostriatal circuits are fully engaged by cocaine-paired cues in IC rats while both circuits are less engaged in EE rats. PC rats exhibit some cue-elicited mesocorticolimbic activation, but failed to exhibit nigrostriatal activation, which may partially explain why they demonstrate significantly greater cue-elicited cocaine-seeking behavior than EE rats, but significantly less of this behavior compared to IC rats. Although speculative, it is possible that EE, and to a lesser extent PC, may counter or reverse cocaineinduced neuroadaptations that occur within these circuits. EE has widespread effects on neural plasticity (Markham and Greenough, 2004; Stairs and Bardo, 2009) , and it will be necessary to pinpoint the specific processes and mechanisms of its protective effects in future studies. This line of research may lead to novel intervention strategies for the treatment of psychomotor stimulant dependence. Schematic representation of coronal sections of the rat brain taken at +3.2, +1.6, -0.26, -2.56, and -5.6 mm from Bregma (Paxinos and Watson, 1998) . Numbers in the sections represent the regions analyzed for Fos as follows: (1) prelimbic cortex (PrL); (2) infralimbic cortex (IL); (3) orbital frontal cortex (OFC); (4) Cg2 region of the anterior cingulate cortex (Cg2); (5) dorsal caudate-putamen (dCPu); (6) nucleus accumbens core (NAcC); (7) nucleus accumbens shell (NAcS); (8) bed nucleus of the stria terminalis (BNST); (9) somatosensory cortex (SS); (10) basolateral amygdala (BlA); (11) central amygdala (CeA); (12) ventral tegmental area (VTA); (13) CA3 region of the hippocampus (CA3); (14) CA1 region of the hippocampus (CA1); (15) dentate gyrus (DG); (16) substantia nigra pars compacta (SNc); (17) substantia nigra pars reticulata (SNr); (18) ventral subiculum (vSub).
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Figure 2.
Representative photomicrographs taken from coronal sections (top 3 rows) at 20× magnification in the basolateral amygdala (BlA; column 1), infralimbic cortex (IL; column 2) and dorsal caudate putamen (dCPu; column 3) demonstrating Fos protein labeling (black arrows) in representative rats from the isolated condition (IC; row 1), pair-housed condition (PC; row 2), and environmental enrichment (EE; row 3). Scale bar on the BlA/EE photomicrograph is equal to 100 μm. Also included along the bottom row are photomicrographs taken from coronal sections of EE rats at 4× magnification demonstrating the 0.26 mm 2 sampling areas. White arrows refer to the corpus callosum (external capsule extension on BlA picture) for reference. Cue-elicited cocaine-seeking behavior (i.e., active lever responses ± SEM, dotted bars) and inactive lever responses ± SEM (diagonal lined bars) totaled across the 90-min test phase for rats housed under isolated conditions (IC), pair-housed conditions (PC), or environmental enrichment (EE) during forced abstinence. After the 30-d forced abstinence period, rats were placed back into their self-administration chambers and immediately given a non-contingent programmed presentation of the light and tone cue complex previously associated with cocaine infusions. Subsequently, active lever presses response-contingently activated this cue complex on an FR1 schedule. Asterisk (*) represents a difference from IC (p<0.05, Tukey). Cross (+) represents a difference from PC (p<0.05, Tukey). Number of Fos-positive nuclei/0.26 mm 2 ± SEM in regions where there were no regional differences in Fos expression in rats housed under isolated conditions (IC), pair-housed conditions (PC), or environmental enrichment (EE) mediated during the 90-min cue-elicited cocaine-seeking test described in the caption of Figure 3 .
